Abstract-We describe how growth at low temperatures can enable increased active layer strain in GaSb-based type-I quantumwell diode lasers, with emphasis on extending the emission wavelength. Critical thickness and roughening limitations typically restrict the number of quantum wells that can be grown at a given wavelength, limiting device performance through gain saturation and related parasitic processes. Using growth at a reduced substrate temperature of 350°C, compressive strains of up to 2.8% have been incorporated into GaInAsSb quantum wells with GaSb barriers; these structures exhibited peak room-temperature photoluminescence out to 3.96 μm. Using this growth method, lowthreshold ridge waveguide lasers operating at 20°C and emitting at 3.4 μm in pulsed mode were demonstrated using 2.45% compressively strained GaInAsSb/GaSb quantum wells. These devices exhibited a characteristic temperature of threshold current of 50 K, one of the highest values reported for type-I quantum-well laser diodes operating in this wavelength range. This temperature stability is attributable to the increased valence band offset afforded by the high strain values, due to the simultaneously high quantum well indium and antimony mole fractions. Exploratory experiments using bismuth both as a surfactant during quantum well growth, as well as in dilute amounts incorporated into the crystal were also studied. Both methods appear to be promising avenues to surmount current strain-related limitations to laser performance and emission wavelength.
nology to security and industrial needs. This region contains a large number of fundamental molecular rotational and vibrational resonances, including methane (3.3 μm), carbon dioxide (4.2 μm), and carbon monoxide (4.6 μm), making this region crucial for spectroscopic, atmospheric, and environmental studies. The absorption strength at the fundamental resonances can be several orders of magnitude higher than at overtones in the near-infrared [1] . Therefore detection of trace amounts of gas or chemicals can be much more sensitive. There also exists an atmospheric transmission window between 3.5 and 4 μm that can be utilized for applications such as free-space optical communications, military countermeasures, and remote explosive detection. These applications demand compact, high-efficiency, room temperature-operable laser sources.
While visible and near-infrared optical sources have evolved into very mature and varied technology bases, the mid-infrared region has suffered from a relative scarcity of similarly welldeveloped technology. Several physical limitations have held back the progress of mid-infrared photonics. The transparencies of many materials are hampered by multi-phonon relaxation in this region, leading to large losses for lasers and other photonic devices. Additionally, materials that have suitable transparencies also often have poor mechanical strength, chemical stability, and thermal conductivity.
Mid-infrared semiconductor laser sources can be generally classified into three main types: (1) intersubband quantum cascade lasers (QCLs), (2) interband cascade lasers (ICLs), typically with type-II active regions, and (3) diode lasers, typically with type-I active regions. State-of-the-art performance data of representative devices for each of these classes operating at room temperature is summarized in Fig. 1 . The next several paragraphs summarize the development, advantages, and drawbacks of these different approaches to mid-infrared laser sources.
The first QCL, emitting at 4.2 μm, was reported in 1994 [2] . Quantum cascade lasers offer high output powers, tunability, and can operate in continuous wave (cw) above room temperature [3] [4] [5] [6] [7] [8] [9] . Two features of QCLs set them apart from interband devices. First, the emission wavelength is due to the device structure design, the composition and spacing of the quantum well (QW) layers and barriers, and not to the material bandgap as with interband devices [10] . This has allowed QCL fabrication in well-developed substrate systems such as InP and GaAs. The second is that QCLs are unipolar, with electrons being the only carrier. This allows for a single electron to undergo multiple lasing transitions in multiple cascades of QWs, leading to Fig. 1 . State-of-the-art performance data for solid-state mid-infrared lasers versus lasing wavelength for room temperature (a) output power [8] , [11] - [37] , (b) threshold current density [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , [30] [31] [32] [33] [34] , [36] [37] [38] [39] [40] [41] , (c) wallplug efficiency [12] [13] [14] [15] [16] [17] [18] [19] [20] , [22] [23] [24] [25] , [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , and (d) characteristic temperature of threshold current [11] , [12] , [14] , [18] , [21] [22] [23] , [27] , [33] , [38] , [39] , [41] , [42] . high output powers (5.1 W cw, 120 W pulsed) and wallplug efficiencies (53% at 40 K, 21% at room temperature) [5] , [22] , [43] . These devices also have good threshold current temperature stability since the intersubband nature of the devices frees them from the effects of Auger recombination. Due to the short upper state lifetime, however, these devices have much higher power consumption at threshold, which potentially limits their utility in portable applications.
Interband cascade lasers were first proposed by Yang et al. in 1994 and demonstrated with both type-I and type-II active regions [44] , [45] . Type-II devices progressed more quickly due to the reduced Auger recombination rates stemming from the spatial separation of electrons and holes in the staggered type-II band alignments [46] . ICLs lend themselves well to cascaded designs, much like QCLs, the difference being that the optical transitions occur band-to-band [40] , [47] , [48] . The development of these devices has been rapid. Continuous wave ICLs were limited to cryogenic operation as late as 2004 [49] . Current devices now operate continuous wave at room temperature over much of the 3-5 μm range [29] , [30] , [48] , [50] [51] [52] , [55] [56] [57] . However, the stability of device performance with temperature remains poor, as evidenced by the relatively low characteristic temperatures (T 0 ), suggesting significant Auger recombination effects at long wavelengths.
Below 3 μm, type-I laser diodes grown on GaSb exhibit high powers with high wall plug efficiencies [12] , [13] , [19] , [33] , [53] . Room temperature threshold current densities are even comparable to the room temperature values reported for near-infrared laser diodes [19] , [53] [54] [55] [56] [57] . As the wavelength of type-I laser diodes is extended beyond 3 μm, however, several problems limit the quest for efficient, reliable sources. The physical processes involved include Auger recombination due to insufficient spin-orbit splitting, free-carrier absorption, and valence band offsets. Moreover, Auger recombination [58] , [59] and free carrier absorption [60] , [61] , particularly by holes, become much more severe at longer wavelengths, further restricting efficient mid-infrared type-I diode laser sources. The more urgent challenge that has historically plagued the wavelength extension of these sources is that the standard GaInAsSb QW alloy, surrounded by AlGaAsSb barriers, begins to have a very low valence band offset as the alloy composition is adjusted to achieve longer wavelength emission. This reduces the carrier confinement of holes in the QW region, allowing barrier states to become populated, reducing internal efficiency. These challenges serve to limit output powers and power efficiency, increase threshold currents, and reduce the characteristic temperature as the emission wavelength is increased.
In this paper, we will focus on type-I QW diode lasers and how increased compressive strain could potentially overcome the challenges associated with decreasing hole confinement, though it likely also mitigates Auger recombination. We will describe some of the challenges that must be addressed to incorporate additional strain and some of our ongoing efforts to surmount them. Section II describes conventional approaches taken to extend wavelength emission in GaSb-based type-I diode lasers. Section III discusses how low temperature growth can achieve the high strains necessary to extend efficient diode laser emission to 4 μm and potentially beyond. Section IV presents some potential alternative methods of extending the wavelength in GaSb-based materials using bismuth as a surfactant during active region growth as well as the use of dilute applications of bismuth to extend the critical thickness limitations.
II. DESIGNING GASB-BASED LASER MATERIALS TO EXTEND EMISSION WAVELENGTH
The typical QW alloy for GaSb-based laser devices is GaInAsSb. Using this alloy, watt-level output powers have been demonstrated in lasers emitting up to about 2.5 μm [12] , [14] and hundreds of milliwatts from 2.5 to past 3 μm [18] , [23] at room temperature. These devices commonly employ barrier layers consisting of alloys of AlGaAsSb or AlGaInAsSb latticematched to GaSb. Type-I GaSb-based lasers with AlGaAsSb barriers have been demonstrated out to 3 μm [62] As shown in Fig. 1 , these devices exhibit excellent operating characteristics: low operating voltage, low threshold current, and high stability over operating temperature.
The typical approach to extend the emission wavelength is summarized in Fig. 2 . The emission wavelength of GaInAsSb QWs can be increased by increasing the indium content of the alloy, as shown in Fig. 2(a) . Additional indium lowers the QW bandgap as well as increases the compressive strain, improving the overall valence band offset and the hole confinement. Too high indium content, however, pushes the strain past the limit where roughening occurs, or relaxation and misfit dislocations begin to form, which degrade luminescence efficiency. In order to avoid the onset of relaxation or roughening, the number of QWs must either be reduced, hampering laser performance due to gain saturation, or the QW strain must be reduced. In order to decrease the compressive strain in the QW, the arsenic fraction is typically increased (see Fig. 2(b) ). The increase in QW arsenic content has the effect of lowering the valence band in these alloys [24] . This reduces the barrier for hole confinement in the QW and severely affects laser performance at and beyond 3 μm [63] .
The effect of increased arsenic content can be exploited in the barriers. As illustrated in Fig. 2(c) , the valence band offset can be improved by increasing the arsenic content of the barrier, lowering its valence band. In order to maintain lattice matching, the aluminum fraction of AlGaAsSb barriers must also be increased. The higher aluminum content increases the conduction band offset, leading to uneven distributions of electrons in multi-QW active regions [63] . The increased aluminum content also reduces the index contrast between the waveguide and cladding layers, allowing the optical mode to leak out of the waveguide into the doped cladding layers and leading to increased free carrier absorption losses.
Switching to an AlGaInAsSb quinternary alloy barriers presented a novel path to engineering the active region in GaSbbased lasers, as shown in Fig. 2(c) [63] . The valence band and conduction band energies can be independently adjusted while maintaining lattice matching to the substrate. This allowed for barriers that provide sufficient confinement for holes in the valence band, while also providing more moderate confinement in the conduction band to create more uniform carrier distributions within the multi-QW active regions. This design strategy has enabled emission wavelengths out to 3.44 μm [20] and, more recently, 3.73 μm [27] . However, this approach is still subject to strain and critical thickness limitations, both in the tensilelystrained barriers and compressively-strained QWs, ultimately leading to the degraded performance at longer wavelengths seen in Fig. 1 .
An alternative design for the laser active region, barriers, and waveguide is to employ GaInAsSb QWs with GaSb barriers [62] , [64] . Aluminum-free active regions offer several advantages, including simpler materials fabrication and growth, and better index contrast with the cladding. The latter advantage leads to better optical mode confinement, improving differential gain and reducing losses due to free carrier absorption in the doped cladding layers [65] . Devices with GaSb barriers have been demonstrated out to about 3 μm [62] ; however, they too suffer from small valence band offsets and poor hole confinement, leading to reduced luminescence efficiency.
III. EXTENDING LASER EMISSION USING HIGHLY-STRAINED QUANTUM WELLS AND AL-FREE ACTIVE REGIONS
By increasing the compressive strain in the QW, the valence band offset can be increased allowing for better hole confinement and lower lasing thresholds. Previously reported [67] . Note that significant valence band offsets are accessible, despite the GaSb barriers, due to the high QW indium and antimony contents that are achievable with growth at reduced temperatures.
work has restricted QW strain to less than 2.0% in order to avoid strain relaxation in the QW region. [27] , [62] , [66] Using parameters from Krijn [67] , we calculated that material strains beyond 2.0% would be required for sufficient valence band offset in Ga 0. 45 In 0.55 As x Sb 1−x QWs (see Fig. 3 ). To test the feasibility of this approach, we grew 10-nm thick Ga 0.45 In 0.55 As x Sb 1−x QWs with GaSb barriers on undoped (1 0 0)-oriented GaSb substrates in a Varian Gen. II solid source molecular beam epitaxy (MBE) system at a substrate temperature of 410°C, which is typical for GaSb-based diode lasers. As shown in Fig. 4(a) , room-temperature photoluminescence (PL) measurements showed initial improved luminescence efficiency with increasing compressive strain. For further increases in QW strain (>2.1%), however, the luminescence significantly degraded. High-resolution X-ray diffraction (HR-XRD) ω-2θ symmetric scans, shown in Fig. 4(b) , indicated a loss of structural quality as the cause for this loss of luminescence. In particular, the high-frequency Pendellösung fringes in the HR-XRD scans became progressively less pronounced with increasing compressive strain. These fringes were absent for the highest strain level studied, suggestive of a loss of interface quality between the QW and the upper GaSb barrier. This is likely due to indium surface segregation during the QW growth [62] .
By further reducing the growth temperature to 350°C, the structural quality of the QWs improved, with the QW strain increasing up to 2.45% with strong luminescence efficiency, as shown in Fig. 5(a) . Using a low substrate temperature during the growth of the GaInAsSb QWs, the indium surface segregation can be kinetically suppressed, leading to higher indium incorporation in the wells, as well as superior structural quality of the grown structures seen in Fig. 5(b) . Room-temperature PL measurements of these structures also improved with increasing strain, attributable to the higher hole confinement from the increased valence band offset. This offset was calculated to be about 80 meV, comparable to the calculated valence band offset in the more complex quinternary AlGaInAsSb barriers used elsewhere [68] .
To test the limits of using heavy compressive strain to extend the emission wavelength of GaInAsSb/GaSb QWs, we grew proof-of-concept test structures consisting of Ga 0. 35 In 0.65 AsSb/GaSb single QWs, varying the incorporated group-V ratio. The compressive strain in the QW was increased to 2.8% to maintain sufficient valence band offset (calculated to be ∼70 meV). Room temperature PL spectra shown in Fig. 6 demonstrate that the peak emission wavelength can be extended to 3.9 μm, albeit with a ∼50% decrease in PL intensity. Further exploration of MBE growth space can likely reduce this degradation in luminescence efficiency; however, these findings illustrate the potential of growth at reduced substrate temperatures as a viable method for extending the emission wavelength of GaSb-based diode lasers further into the mid-infrared.
The concern with increasing strain is the limit it places on the number of QWs that can be successfully grown in the laser active region before the accumulated strain begins to degrade the structural quality of the material. Increasing the number of QWs in the laser active region increases the differential gain, reducing the threshold for lasing [69] . Concentrating on the 6 . Room temperature PL emission of two GaInAsSb/GaSb QW samples varying the indium content, and hence the QW strain. By increasing the indium content from 55% to 65% the peak photoluminescence emission shifted to 3.9 μm. Fig. 6 , multi-QW structures with up to five highly-strained GaInAsSb QWs, each separated by 20-nm barriers of GaSb, were grown at 350°C. These structures all exhibited excellent structural quality, as evidenced by HR-XRD symmetrical ω-2θ scans showing them to be coherently strained (not shown). Power-dependent PL spectroscopy was performed at room temperature, under excitation densi- Fig. 7 . Peak room temperature PL emission intensity as a function of excitation intensity. illustrating that the peak PL intensity saturates for a single-QW active region but multi-QW structures show less saturation effects. Fig. 8 . Band diagram of the highly-strained GaInAsSb type-I QW diode laser with GaSb barriers, emitting at 3.4 μm. The band offsets were calculated using [67] . ties comparable to pumping near laser threshold. As illustrated in Fig. 7 , under low excitation densities, the single-QW structure exhibited higher peak PL efficiency than the multi-QW structures; however, the single QW quickly saturated with increasing pump power, despite the high QW strain. Conversely, the multi-QW structures exhibited significantly less saturation effects.
μm active region design from
Devices with fewer than four QWs failed to lase due to the gain saturation implied from the power-dependent PL measurements discussed earlier. The active regions were also restricted to five or fewer QWs due to critical thickness limitations. Due to these bounds, a nominally-identical four-QW active region, shown in Fig. 8 , was integrated in an edge-emitting laser structure and processed into ridge waveguide lasers. The optical confinement factor for this device structure as calculated by 2D finite difference techniques was 0.91% per QW [70] , [71] . Following laser stripe definition by photolithography and metallization using electron-beam evaporation, an inductively-coupled plasma was employed to etch most of the epitaxial layer stack, with the metal contacts serving as the mask for the self-aligned etch. Silicon nitride was then blanket-deposited on the epi-side of the Fig. 9 . Light-output versus current input and (inset) lasing spectrum from a ridge waveguide quadruple QW laser under pulsed mode operation at 10°C. The threshold current density was 590 A/cm 2 . sample. Contact windows above the laser stripes were defined by photolithography. The silicon nitride layer was then etched with a SF 6 plasma to open up windows to the contact layer. Contact pads above the laser stripe contacts were defined using conventional photolithography methods, and the contacts were deposited by electron-beam evaporation. The GaSb substrate was lapped down to approximately 100 μm to aid the cleaving process. A bottom metal contact was then deposited using electron-beam evaporation. Following fabrication, lasers were cleaved into 2-mm long laser bars and mounted epi-side up on copper submounts. The facets were left as-cleaved and no antireflection/high reflection coatings were applied. Devices were tested in pulsed mode using 200-ns current pulses at a repetition rate of 10 kHz. As shown in Fig. 9 , laser emission was observed at 3.4 μm, the longest emission wavelength from a GaSb-based type-I QW diode laser operating with an aluminum-free active region [23] . These devices exhibited a threshold current density at 10°C of 0.59 kA/cm 2 and, as shown in Fig. 10 , the characteristic temperature of threshold current, T 0 , for this device was measured to be 50 K. The threshold current density per QW of 150 A/cm 2 is comparable with the threshold densities reported around this emission wavelength using more complicated quinternary active regions [64] , [66] , [68] . These findings are promising for two reasons. First, they illustrate that further increasing the QW strain is a viable path to longer wavelength lasers with improved T 0 and low threshold current density. Second, they offer the potential for further wavelength extension using the methods described in Section II of introducing aluminum, indium, and arsenic into the barriers, but starting from a significantly longer lasing wavelength.
IV. THE USE OF BISMUTH TOWARD HIGHER STRAINED MATERIALS
Based on the success extending the laser emission wavelength by increasing the compressive strain in the QW, we have explored the use of surfactant bismuth to assist the growth at elevated strain levels. Surfactant-assisted MBE growth was introduced by Copel et al. in 1989 as a method of suppressing island formation of strained layers of germanium grown on silicon [72] . The application of surfactant-mediated growth was later applied to III-V materials by Massies et al. [73] . By adding a surface-segregating species during crystal growth, the growth kinetics are altered significantly; in the case of bismuth, a low flux can promote layer-by-layer growth in metastable III-V material systems by kinetically-limiting the growth process, partially avoiding the limits imposed by thermodynamic constraints [74] [75] [76] [77] .
As discussed in Section III, the key issue associated with growing highly-strained GaInAsSb QWs is the strain-driven surface segregation of indium [62] , which can cause roughening and the inevitable introduction of defects that degrade optical quality. While this can be mitigated to some degree by growing at reduced substrate temperatures, employing bismuth as a reactive surfactant could enable still higher compressive strains, while maintaining or improving structural and optical quality.
We have investigated the effects of low levels of bismuth flux during the growth of highly-strained GaInAsSb QWs. Samples containing varying numbers of GaInAsSb/GaSb QWs (ranging from one to seven) with 2.8% compressive strain were grown both with and without bismuth, under conditions otherwise nominally identical to those shown in Fig. 6 . The bismuth beam equivalent pressure ranged from 0 to 1.3 × 10 −7 Torr. As shown in Fig. 11(a) , a moderate bismuth flux of ∼5 × 10 −8 Torr beam equivalent pressure improved the peak PL efficiency of the multi-QW structures increased by 25% compared to samples grown without bismuth. Equivalent single-QW structures did not exhibit the marked difference in PL as the multi-QW structures. Both single and multi-QW structures exhibited well-resolved peaks and Pendellösung fringes in HR-XRD ω-2θ scans, shown in Fig. 11(b) , indicative of high-quality interfaces. However, nominally-identical structures grown with higher bismuth fluxes (∼ 1.2 × 10 −7 Torr) exhibited no PL (see Fig. 11(a) ) and significantly degraded structural quality (see Fig. 11(b) ) suggesting an optimal growth window where bismuth affords significant benefits. This window is currently being explored to optimize the growth of these materials; however, the increased luminescence efficiency from these active regions suggests that surfactant-mediated epitaxy of type-I GaSb-based diode laser active regions offers significant potential to extend their emission to even longer wavelengths, with high performance.
An additional potential benefit to this approach is that by combining a bismuth flux and low substrate growth temperatures, bismuth can incorporate into the crystal. In addition to the well-documented bandgap reduction with alloying of bismuthide compounds into conventional III-V materials, as illustrated in Fig. 12 [78] , the introduction of bismuth can also increase the spin-orbit splitting sufficiently [79] to mitigate Auger recombination transitions involving the split-off band in diode lasers [80] . Indeed, spin-orbit splittings that exceed the transition energy have been demonstrated in GaAsBi/GaAs [81] and GaInAsBi/InP [82] . However, our focus here is on a lessrecognized benefit of incorporating bismuth, specifically that the critical thickness can be extended beyond the typical limits of traditional strained-layer epitaxy [83] [84] [85] . In particular, the critical thickness of mid-IR materials can be extended by greater than 10×, which could greatly alleviate the critical thickness limitations on extending the lasing wavelength discussed in Section II. These findings are consistent with what has been observed for near-IR bandgap GaInAsBi materials on InP [86] .
By applying recent advances from the MBE growth of GaAsBi [87] to the growth of InAsBi and GaInAsBi on InAs, we identified a growth space free of bismuth droplet and alternate phase formation in which the optical quality is significantly enhanced. Samples were grown on n-type, sulfur-doped (100)-oriented InAs substrates and a range of substrate temperatures, bismuth beam equivalent pressures, and V/III flux ratios were explored. At substrate temperatures below ∼330°C with nearly stoichiometric (V/III) flux ratios of ∼1.15, bismuth incorporation became linear with bismuth flux, signifying nearunity sticking. In addition to preventing the formation of bismuth surface droplets, this "unity sticking" growth regime [88] is extremely important for achieving high optical quality in highly mismatched alloys, such as dilute-nitrides (for example, see [89] ).
Under these growth conditions, InAsBi layers 150 nm thick with bismuth concentrations up to 5.25%, as determined by HR-XRD ω-2θ measurements shown in Fig. 13(a) , were grown without droplet formation, as confirmed by Nomarski phase contrast microscopy and atomic force microscopy. As shown in the (2 2 4) reciprocal space maps of Fig. 13(b) , these films were fully coherent to the underlying InAs substrate, despite the layer thickness being as much as ∼12× the Matthews-Blakeslee critical thickness. Certainly, further study is required to (1) clarify the mechanisms mitigating strain relaxation and (2) integrate these materials into the active region of mid-IR diode lasers. However, these results suggest that bismuth-mediated growth could greatly alleviate the design constraints imposed by strain relaxation considerations, potentially greatly improving laser performance (e.g. by more highly strained QWs with larger valence band offsets) or enabling still longer wavelength active regions. 
V. CONCLUSION
A key challenge in extending the emission wavelength of type-I mid-IR diode lasers is managing strain, along with the related issues of band offsets, critical thickness limitation, and roughening during growth. Using growth at a reduced substrate temperature of 350°C, compressive strains of up to 2.8% have been incorporated into GaInAsSb QWs with GaSb barriers; these structures exhibited peak room-temperature photoluminescence out to 3.96 μm. Using this growth method, lowthreshold ridge waveguide lasers operating at 10°C and emitting at 3.4 μm in pulsed mode were also demonstrated using 2.45% compressively strained GaInAsSb/GaSb QWs. These devices offer the potential for further wavelength extension using the methods described in Section II of introducing aluminum, indium, and arsenic into the barriers, but starting from a significantly longer lasing wavelength than previous devices.
We also described alternative approaches to managing strain issues in type-I diode laser active regions using surfactantmediated epitaxy and incorporation of bismuth. In particular, this approach can increase the critical thickness to greater than 10× the Matthews-Blakeslee limit, which could greatly alleviate the critical thickness limitations on extending the lasing wavelength discussed in Section II.
These approaches to the growth of type-I GaSb-based diode laser active regions offer significant potential to extend their emission to longer wavelengths and improve performance.
